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Abstract. Axial-piston hydraulic swash plate machines are widely applied in positive 
displacement hydraulic drives of various purposes. Such drives are highly energy-intensive and 
have a relatively small control range due to the presence of a large dead-band, which limits 
their use in reverse action systems. To reduce the dead-band, an improved axial-piston 
hydraulic swash plate machine was designed. The decrease of the dead-band is achieved by 
reducing the friction forces in the piston mechanism. This article presents the results of 
comparative tribological tests of a standard and improved piston mechanisms. The 
experimental research was conducted in terms of reducing the friction forces in the piston 
mechanism and their effect on the moment of starting of the hydraulic machine. It was revealed 
that the use of the improved piston mechanism allows to increase the useful force of the piston 
up to 20 % in the motor mode and to reduce the dead band by 1.6 times when switching to the 
pump mode. 
1.  Introduction 
Axial-piston hydraulic swash plate machines are used in hydraulic drives, which have high 
requirements for energy consumption and fast response. These hydraulic machines are distinguished 
by their weight and dimensions characteristics, simplicity of assembly and manufacturability in 
comparison with axial-piston hydraulic bent-axis machines. However, the disadvantage of swash plate 
machines is a relatively large dead-band and, as a result, a relatively small control range. 
The breakaway and transition to a stable mode of operating speed change in swash plate machines, 
even at idling, comes at 70...100 rad/s, while in the best examples of bent-axis machines it comes at 
3...5 rad / s. Therefore, swash plate machines have a significantly lower control range compared to 
bent-axis machines. 
These facts take place due to the features of the design scheme of these hydraulic machines. The tilt 
angle of the cylinder block in modern bent-axis machines reaches 45 degrees due to the connection 
between the drive flange and the cylinder barrel, provided by pistons. In swash plate machines, due to 
the presence of large transverse forces acting on the piston and as a result of high friction forces in the 
‘piston-cylinder’ pair, the tilt angle of the swash plate, as a rule, does not exceed 20 degrees. 
This leads to the fact that the force produced by the piston in the bent-axis machine in comparison 
with the swash plate machine is converted into a much larger torque. One of the ways to reduce the 
dead zone of the swash plate machine is to reduce friction forces in the piston pair. 
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There are modern researches that are focused on the problem of the piston mechanism of the swash 
plate machine [1]–[4]. However, these works describe operating at a high speed, therefore, excluding 
the problem of the dead-band and moment of starting. 
This article presents the results of testing of improved piston mechanism on a test rig using the 
principles of inversion of the movement of this type of hydraulic machines units and energy recovery 
[5]. 
The improved piston [6] mechanism has a bearing displacement relative to the longitudinal axis of 
the piston, which allows to change the power scheme of the transverse forces and significantly reduce 
the total reaction, and, consequently, a value of the friction forces in the piston pair. 
In addition, the displacement of the bearing allows hydrostatic bearing of the ‘piston-cylinder’ pair 
application. 
This article presents the results of comparative tests of a standard piston mechanism, an improved 
piston mechanism with a displaced bearing without hydrostatic bearing of the piston pair, and an 
improved piston mechanism with a displaced bearing and hydrostatic bearing of the piston pair. 
2.  Test in the motor mode 
For tests in the motor mode, a working fluid was pumped into the piston chamber, under pressure from 
the pumping station. The piston acted on the rotating wash plate, which, in turn, through the lever 
acted on the force sensor. This allowed to determine the moments of breakaway for standard and 
improved piston mechanisms at different pressure levels in the piston chamber, which corresponds to 
different levels of loading of the hydraulic machine, as well as to determine the reduction of friction 
forces in the researched piston pairs. The initial data for series of experiments is presented in table 1. 
Table 1. Experiment initial data and conditions 
Slipper – outer edge of the bushing distance, mm 16.4–45.6 
Piston diameter, mm 20.614 
Working fluid temperature range, °С 20–35 
Swash plate tilt angle, ° 18 
Distance between the rotation axis of the cylinder block and the 
guiding bushing axis, mm 
45 
The improved piston bearing displacement from the longitudinal 
piston axis, mm   
11.83 
As the result of the tests, the reduction in the friction forces was obtained when using the 
improved piston mechanisms in comparison with the standard one. 
The force value on the sensor is converted to the axial force value according to the following 
dependence: 
𝐹𝐴𝑋 = 𝐹𝑆 ∙ 𝑙/(𝑅𝐶 ∙ tan 18°)                                                         (1) 
FAX – force, applied from the piston to the swash plate in axial direction, FS – force, registered by the 
sensor, l – lever length, RC – distance between the swash plate rotation axis and the guiding bushing 
axis. The friction forces reduction can be found using the following formula: 
𝐹𝐹𝑅 =  𝐹𝑃
𝐼𝑀 − 𝐹𝑃
𝑆                                                                  (2) 
FP 
IM – axial force of the improved piston mechanism, FP 
IM – axial force of the standard piston 
mechanism 
The results of the experiment are presented in the figure 1. 
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Figure 1. Dependence of the shaft torque produced by a single piston on the pressure in the piston 
chamber for the piston mechanism of standard design, modified design and modified design with 
hydrostatic bearing. 
Calculations results are shown in the Figure 2.  
 
Figure 2. Reduction of the axial component of the friction forces in the motor mode for the improved 
piston and for the improved piston with hydrostatic bearing in comparison with the standard design 
piston. 
3.  Tests in the pump mode 
To determine the friction forces in the pump mode, as well as to determine the range of the dead zone 
when switching to the pump mode of the hydraulic machine, a series of experiments were conducted. 
On a lever of 0.3 m in length, a calibrated weight of 13 kg and 17 kg was alternately installed, 
which corresponded to the torque on the shaft of 38.3 and 50 N·m. The pressure in the piston chamber 
gradually decreased from the value allowing to keep the load on the weight, to the value at which the 
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switched to the pump mode of operation. The moment of switching to the pump mode was registered 
using the force sensor simultaneously with the pressure sensor. 
According to the results obtained, dependences of changes in the friction forces in the piston pairs 
in the pump mode for the tested piston mechanisms were constructed. The friction force was defined 
as the difference between the calculated value of the pressure at which the corresponding load should 
be balanced, and the actual value obtained during the experiment, multiplied by the area of the end of 
the piston. The obtained results are shown in Figure 3. 
 
Figure 3. Dependence of the friction force in the piston pair on the pressure for the standard, 
improved and improved with hydrostatic bearing of piston mechanisms in the pump mode. 
4.  Results and conclusion 
Experimental studies have shown: 
• the use of the improved piston mechanism reduces the friction forces in the motor mode by 
798 N at the piston chamber pressure value of 20 MPa, which leads to an increase in the 
useful force produced by the piston mechanism by 16.7 %; 
• the use of the improved piston mechanism with hydrostatic bearing reduces the friction forces 
in the motor mode by 941 N at the piston chamber pressure value of 20 MPa, which leads to 
an increase in the useful force produced by the piston mechanism by 20 %; 
• the use of the improved piston mechanism allowed to reduce the dead band by 1.6 times when 
switching to the pump mode and reduce the friction forces by 2.6 times at the shaft torque of 
50 N·m; 
• the use of the improved piston mechanism with hydrostatic bearing allowed to reduce the dead 
band by 1.6 times when switching to the pump mode and reduce friction forces by 2.8 times at 
the shaft torque of 50 N·m. 
The results of the presented experiments lead to assume that the use of the improved piston 
mechanism in axial-piston swash plate hydraulic machines will significantly expand the use of these 
hydraulic machines in reverse drives. 
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